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ABSTRACT

This study brings out a disinfection process of bacteria Escherichia coli using a hydrodynamic
cavitation method. The method used different contactors, orifice plate and venturi injector. The
experiment result shows that an orifice plate with initial concentration of 10° CFU/mL has
decreased into zero CFU/mL after 20 minutes, while venturi injector has decreased into zero
CFU/mL after 30 minutes. The orifice plate gave a better, more effective and faster disinfection
than the venturi injector.
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1. INTRODUCTION

One of the problems that arises in the provision of clean water supply in Indonesia, especially in
Jakarta is the contamination of ground water by bacteria Escherichia coli (E.coli). Some
sources state that the vast area of ground water in Jakarta is contaminated by E.coli reached up
to 65%—-95% (Firmansyah, 2009). Around 80%—-90% of the vast area of groundwater in Jakarta
is contaminated by E.coli.

The common methods of disinfection of bacteria are chlorination and ozonation. The
chlorination has several disadvantages including the formation of carcinogenic disinfection by-
products and appearance of taste and odor problems in processed water. However, it is
relatively cheap and easy to use as long as accompanied by careful control of dosing which
increases the maintenance costs (Mezule et al., 2009).

Ozonation is an the attractive alternative of disinfection due to the reactive oxidation power of
ozone and its ability to kill bacteria and pathogens without producing Tri Halo Methane (THM)
(Sururi et al., 2008). Ozone is also able to deactivate pathogenic microogrnisms that are
resistant to conventional disinfectants (chlorine, chlorine dioxide) such as Cryptosporidium
parvum and Giardia (Von Gunten, 2003a). However, ozone solubility in water is relatively low
and it is an unstable gas which quickly disappears in a few minutes in the water. So it does not
leave a residual disinfectant (residue), which causes the water to be easily re-contaminanted in a
short time (Von Gunten, 2003b). Moreover, it can produce bromate compounds, a carcinogenic
and mutagenic compound that increases the toxicity of the effluent. The process also requires
large electrical energy (USEPA, 2009). Other potential method used for disinfection is
cavitation. Cavitation is defined as the phenomena of the formation, growth and subsequent
collapse of microbubbles or cavities occuring in an extremely small interval of time
(milliseconds) releasing large magnitudes of energy (Gogate & Pandit, 2001).
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Microbubbles are distinguished by having a diameter less than 50 pm, while macrobubbles
(conventional bubbles) have a diameter in millimeters. The extreme condition of cavitation
generates a high intensity pressure which affects the cell and microorganism viability (Arrojo et
al., 2008). Generally the cavitation method for disinfection of bacteria is ultrasonic (acoustic)
cavitation and hydrodynamic cavitation. On acoustic cavitation the pressure variations in the
liquid are effected by sound waves, usually ultrasound (16 KHz-100 MHz). Hydrodynamic
cavitation is produced by pressure variations, which is obtained by changing the geometry of
the system, thus creating velocity variation. This can be achieved in flows through orifice,
venturi etc. (Jyoti & Pandit, 2003).

Hydrodynamic cavitation has many advantages, such as the reactions that require moderately
rigorous conditions can be carried out easily under ambient conditions; it is one of the cheapest
and most energy efficient methods of cavitation generation, simple, very low maintenance; and
the scale-up is relatively easy (Jyoti & Pandit, 2003). Therefore, this method can be used for
further development of ultrasonic cavitation which requires more energy and at a very large
cost.

Research by Mezule et al. (2009) about the effect of water disinfection on the survival of E.coli
cells using hydrodynamic cavitation concluded that the method is able to kill 75% of E.coli
bacteria and it is very promising for water disinfection.

Several parameters which affect the performance of hydrodynamic cavitation in disinfection
process are the type of contactor, time and initial impact of the E.coli concentration (Sivakumar
& Pandit, 2002). This study performed disinfection of E.coli by hydrodynamic cavitation using
two conditions, one which is using the orifice plate and the other using a venturi injector.
Disinfection with both contactors was carried out to determine which method of disinfection is
most effective in deactivating pathogenic microorganisms.

2. METHODOLOGY/ EXPERIMENTAL

2.1. Bacterial Strains and Culture Conditions

E.coli ATCC 9637 was inoculated into 1% of BPW (Buffered Peptone Water) overnight at 4°C.
It resulted a 10° CFU/mL of pure E.coli culture.

2.2. Experimental Set-up

The scheme of experimental set-up is depicted in Figure 1. Cavitation for this experiment is
generated by an orifice plate and a venturi injector. An orifice plate was designed with 17 holes
and the diameter for each one of the holes is 1 mm, as can be seen in Figure 2. The plate is
made up of stainless steel (SS 316) and the diameter of plate is 38 mm (Sawant et. al., 2008). A
venturi injector is a Mazzei type 384. The pump in the system is a centrifugal pump with a
capacity of 48 LPM.

2.3. Injection of Culture
The feed water was made by dissolving 60 mL of pure culture into 6 liters of mineral water.
This was adjusted for the different initial concentration.

2.4. Disinfection Experiment

The experiment of disinfection used three configurations i.e.: a pipe without contactor, an
orifice plate and a venturi injector. With variations of the initial concentration are 10°CFU/mL,
10° CFU/mL, and 10* CFU/mL. On every experiment, inlet pressure, outlet pressure, flow rate
and concentration of E.coli were measured every 15 minutes.

2.5. Analysis of Bacteria
The concentration of bacteria was analyzed by the TPC (total plate count) method with CCA
(chromocult coliform agar) as the medium. The agar medium was incubated for at least 24
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hours at 37°C and placed in the inverted position. After 24 hours, the purple color of E.coli
bacteria colonies is apparent and a pink color of coliform bacteria colonies were observed as
shown in Figure 3.

Figure 1 Experimental set-up Figure 2 Orifice plate design
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Figure 3 The different color of CCA

3. RESULTS AND DISCUSSION

3.1. Disinfection of Bacteri E.coli without a Contactor

As a preliminary experiment, to convince the research team whether disinfection can occur only
because of the factors related to the circulation of the liquid, the flow in the pump and the
impact of the fittings, the disinfection experiment was carried out without a contactor as a
cavitation generator.

In this experiment, the operating conditions are the same as the operating conditions with a
contactor. The flow rate was set to 13 LPM and the initial concentration of bacteria was 10*
CFU/mL.

The result from this study is shown in Table 1. The initial concentration of 1x10* cfu/ml has
decreased into 3.8x10° cfu/ml in 60 minutes. The result shows that disinfection of E.coli can
occur without a cavitation generator. However, the result was not optimum due to the high final
concentration of E.coli, 3.8x10° CFU/mL or 0.38 portion of the bacteria were still
contaminating the feed water.

The disinfection may occur for several reasons. During the process, the liquid circulation in the
pipe generated turbulence, and potentially decreased the bacteria count. In addition, the
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temperature in the water was increased up to 40°C, which can reduce the bacteria. Besides that,
the cavitation possibly occurred in the pump and potentially decreased the bacteria.

Table 1 Data of disinfection without using contactor

E.coli

Time . Temperature

(minutes) Concentration €C)
(CFU/mL)

0 1.0x10* 25.0
15 6.4x10° 31.4
30 6.0x10° 35.4
45 4.7x10° 38.1
60 3.8x10° 40.0

3.2. Disinfection of Bacteri E.coli using an Orifice Plate

This experiment used a variation of initial concentration of E.coli, 10° CFU/mL, 10° CFU/mL,
and 10° CFU/mL to determine the effect of the concentration of E.coli with the ratio C/C,. The
result of this experiment is shown in Table 2.

Table 2 E.coli concentration during disinfection using an orifice plate

E.coli E.coli E.coli
Time Concentration Concentration Concentration
(minutes) (CFU/mL) (CFU/mL) (CFU/mL)
C, =10° CFU/mL C,=10°CFU/mL  C,=10* CFU/mL
0 2.6x10° 1.0x10° 1.0x10*
15 1.31x10° 4.0x10* 15
30 4.5x10° 1.0x10°
45 3.9x10° 0
60 2.8x10° 0

It is shown that the initial concentration of E.coli affects the result of disinfection. At the same
disinfection time, the higher the initial concentration of bacteria, the lower the final
concentration. As shown in Table 2, the extent of disinfection (C/C,) for the three initial
concentrations is in the following order: initial concentration of 10° CFU/mL > 10° CFU/mL >
10* CFU/mL. At the initial concentration of 10° CFU/mL, the final value of C/C, of 0.001 is
obtained in 60 minutes, whereas the value of C/C, of 0 is obtained at the initial concentration of
10° CFU/mL and 10* CFU/mL in 45 minutes and 20 minutes, respectively.

The mechanism of disinfection of bacteria E.coli using hydrodynamic cavitation is a
combination of mechanical effect, chemical effect and the heat effect (Save et al., 1997).

The mechanical effect in the disruption of the E.coli cells has several mechanisms. Based on
their experiments, Engler and Robinson stated that the impingement of a high velocity jet of
suspended cells on a stationary surface is necessary for effective disruption of cell walls (Save
et al., 1997). The characteristic of turbulence can be observed by calculating of the Reynolds
number.
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From the calculation of the Reynolds number, it earned the value around 15,000-16,000. So it
can be concluded that the flow is turbulence, thus turbulence made it possible to result in a
disinfection of bacteria in the pipeline. Another mechanism of disinfection is stated by Doulah.
Doulah explained the mechanism of cavitationally induced cell disruption based on
Kolmogoroff's theory of isotropic turbulence and on analysis of fluid eddies created due to the
collapse of the cavity. Those fluid eddies that are smaller than the dimension of cell will impart
motions of various intensities to them, and when kinetic energy content of the cell exceeds the
wall strength, the cell disintegrates. Because of the turbulence flow, the fluid eddies must have
been formed in the stream, and the effect of these eddies enable them to disinfect the bacteria.
The main cause for cell disruption, based on the experiment of Save et.al is shock wave i.e. the
pressure impulse produced from the collapsing cavities (Save et al., 1997).

The chemical effect of hydrodynamic cavitation occurs due to the formation of free radicals
from the burst of microbubbles. During the process of destruction of microbbubles in the water,
water vapors trapped inside the bubble experienced pyrolisis reactions which can produce
highly reactive radicals such as the hydroxyl radical as explained in Equation (1). OH radicals
can react in the gas phase or in combination in cooler areas such as gas-liquid interphase and/or
bulk phase solution to produce hydrogen peroxide and water (Equations 2 and 3) (Ince et al.,
2001):

H,0 - HO* + H®

(1)
HO® + H* > H,0 2
HO* - H,0, &)

According to the research by Arrojo et al. (2008), the OH radical generation for each initial
concentration is similar, therefore the disinfection with 10* CFU/mL of initial concentration
would be easier to be disinfected than 10° CFU/mL of initial concentration, as well as on 10°
CFU/mL of initial concentration (Arrojo et al., 2008). The OH radical generation is not enough
to kill the bacteria at a higher initial concentration. Therefore, in the experiment with an orifice
plate, the smaller initial concentration of E.coli gave better results than the higher initial
concentration. In their experiment, Balasundaran and  Harrison (2008) explained the
mechanical and chemical effects of disifection of E.coli using hydrodynamic cavitation by
mechanisms as shown in Figure 4, with the following steps (Balasundaram & Harrison, 2008):

i

Figure 4 Mechanical and chemical mechanism of disinfection
(Balasundaram & Harrison, 2006)

1. First stage: the mechanical effects of cavitation results in formation of pores on the outer cell
wall releasing a portion of the periplasmic enzymes and proteins.
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2. Second stage: the mechanical effects combined with chemical effects of cavitation can now
reach the inner cytoplasmic membrane, releasing some cyoplasmic products.

3. Third stage: on sustaining the exposure of the cells to cavitation, more effects can be
observed on the outer cell wall due to its greater accessibility to the cavitation than the inner
membrane. Increased exposure of the E.coli cells to the cavitation zone weakens the cell wall
due to fatigue resulting from repeated exposure to oscillating cavities and the collapse of the
cavities closer to the cell wall.

The heat effect on disinfection using hydrodynamic cavitation is the increase in temperature
that occurs locally up to 5000°C (Arrojo et al., 2008) which can cause the E.coli bacteria to die.
However the exact mechanism with hydrodynamic cavitation is difficult to observe because the
cavitation time is very fast. Therefore the mechanism of disinfection would occur due to a
combination of several effects.

From a biological viewpoint, disinfection using hydrodynamic cavitation may occur. This is
due to the thickness of the cell wall of E.coli. E.coli is a gram negative bacteria that has thinner
cell walls than gram positive bacteria, which makes it possible to disinfect E.coli
physiologically. The E.coli bacteria used was E.coli that has been grown for more than 24
hours, so it is in the dividing and diploid phase. The bacteria would be more sensitive when it
has lived in extreme conditions. According to Thacker (1973), bacteria cells in the dividing
phase are more susceptible to death than cells in the stationary phase. Other factors that allow
the disinfection are the shape and size of E.coli. According to the experiments by Thacker
(1973), larger cells such as dividing cells will experience greater tensile stresses than the
smaller cells, and more elongated bacteria are more susceptible to cavitational effects than
smaller and more compact bacteria (Gogate, 2007). The results of visualization of bacteria on a
1000 times magnification is shown in Figure 5.

Befare Disinfection After Disinfection
2.6%1076 CFU/ mL 2.8x10"3 CFU/ mL

Figure 5 Visualisation of bacteria experienced disinfection using an orifice plate

3.3. Disinfection of Bacteria using a Venturi Injector
This experiment used the same variation of the initial concentration of E.coli, as in the orifice
plate experiment. The result is shown in Table 3.

It is shown that the initial concentration of E.coli affects the result of disinfection. For the same
disinfection time, the higher the initial concentration of bacteria, the lower the final
concentration. The extent of disinfection (C/C,) for the three initial concentrations for
disinfection by a venturi injector is in the same order as the value for an orifice plate
disinfection. However, final values of C/C, are different. At the initial concentration of 10°
CFU/mL, the final value of C/C, of 0.01 is obtained in 60 minutes, whereas the value of C/C,
of 0 is obtained at the initial concentration of 10° CFU/mL and 10* CFU/mL in 60 minutes and
30 minutes, respectively.
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Table 3 E.coli concentration during disinfection using a venturi injector

E.coli E.coli E.coli
Time Concentration Concentration Concentration
(minutes) (CFU/mL) (CFU/mL) (CFU/mL)
C, = 10° CFU/mL C,=10°CFU/mL C,=10* CFU/mL
0 3.0x10° 4.0x10° 1.0x10*
15 1.0x10° 9.0x10* 7.5%10
30 5.0x10° 3.0x10 0
45 4.0x10° 40 0
60 3.0x10* 0 0

Comparison between the C/C, value of the orifice plate and venturi injector shows that the
orifice plate gave better results. For the initial concentration of 10® CFU/mL, the value of C/C,
of orifice plate at 60 minutes is smaller than is the venturi injector. For the initial concentration
of 10° CFU/mL and 10* CFU/mL, the C/C, value of 0 is reached faster for orifice plate than for
the venturi injector

This difference could happen due to the difference in turbulence that occurred in the two
contactors. Actually, the mechanism of disinfection is the same for both of them. The
mechanism of disinfection due to mechanical effect can be estimated from the Reynolds
Number. The calculated value of Re on the flow for the venturi injector is around 9000. So the
type of the flow is related to turbulence, and the disinfection of bacteria is possibly occurred.
However, the Reynolds number in the venturi injector is smaller than that of the orifice plate.
The smaller turbulence is directly proportional to the magnitude of pressure and velocitiy in the
pipe, and the generated eddies flow. This means that the venturi injector provides lower impact
in disinfection of E.coli than the orifice plate. The number of the eddies flow generated would
be smaller, that gives lower interference to the cell wall of bacteria. The results of visualization
of bacteria on a 1000 times magnification are shown in Figure 6.

Befare Disinfection After Disinfection
2x10%6 CFU/ mL 310 CFU/ mL

Figure 6 Visualization of bacteria experienced disinfection using a venturi injector

4. CONCLUSION

Hydrodynamic cavitation is possible for the disinfection of the bacteria E.coli. The higher the
initial concentration of bacteria, the longer the disinfection time. The orifice plate gave better
disinfection results than the venturi injector. The ratio C/C, using orifice plate on C, = 10°
CFU/mL was 0.00108 in 60 minutes, on C, = 10° CFU/mL was 0 (zero) in 45 minutes, and on
C, = 10* CFU/mL was 0 (zero) in 20 minutes. While the ratio C/C, using venturi injector on C,
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=10° CFU/mL was 0.01 in 60 minutes, on C, = 10° CFU/mL was 0 (zero) in 60 minutes, and on
C, = 10* CFU/mL was 0 (zero) in 30 minutes.
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